The reentry of uncontrolled spacecraft may be broken into many pieces of debris at an altitude in the range of 75-85 km. The surviving fragments could pose great hazard and risk to ground and people. In recent years, methods and tools for predicting and analyzing debris reentry and ground risk assessment have been studied and developed in National Aeronautics and Space Administration (NASA), European Space Agency (ESA) and other organizations, including the group of the present authors. This paper reviews the current progress on this topic of debris reentry briefly. We outline the Monte Carlo method for uncertainty analysis, breakup prediction, and parameters affecting survivability of debris. The existing analysis tools can be classified into two categories, i.e. the object-oriented and the spacecraft-oriented methods, the latter being more accurate than the first one. The past object-oriented tools include objects of only simple shapes. For more realistic simulation, here we present an object-oriented tool debris reentry and ablation prediction system (DRAPS) developed by the present authors, which introduces new object shapes to 15 types, as well as 51 predefined motions and relevant aerodynamic and aerothermal models. The aerodynamic and aerothermal models in DRAPS are validated using direct simulation Monte Carlo (DSMC) method.
Introduction 1
The uncontrolled spacecraft like deorbited satellite and upper stage of spent rocket, reenters the Earth's dense atmosphere at the end of their life. The reentry velocity can reach more than 7 km/s, and strong aerodynamic and aerothermal loads can melt and break the structures into many pieces of debris. Inner components of the spacecraft, which can also be regarded as debris, begin their individual reentries after this breakup event. Generally, most of the debris will demise, but surviving ones can cause great risk to ground population, buildings and natural ecosystems. The ground footprints of the surviving debris can be tens of kilometers wide and hundreds of kilometers long [1] . One of the most famous records of reentry debris experienced by human being occurred on 22 January, 1997 [2] [3] . Lottie Williams, a woman in Tulsa, Oklahoma of US, was walking her dog with friends before sunrise. She watched a fireball streaking through the sky from north to south. Later, a slowly falling fragment brushed the lady's left shoulder and hit the ground with a metallic sound (top left of Fig. 1 ). The debris was from the second stage of the Delta rocket which was launched on 24 April, 1996. Ms. Williams might be the first person on the planet ever known to be struck by reentry debris. At the same time, a large stainless steel propellant tank landed in the front yard of a farmer near Georgetown, Texas of US (bottom of Fig. 1 ). And outside the town of Seguin, a titanium sphere had embedded into a field (top right of Fig. 1 ).
Space debris from the Earth orbit is another source of reentry debris. Since the first human astronautic activity at 1957, there are more than 40 million man-made fragments in space now, with total mass of millions of tons [4] . Most of the space debris may pose only a minor risk on ground because of their negligible size and mass compared to large reentry spacecraft. On average, there are about 100 reentry objects each year [5] . However, there is little to be found on the ground and reported. Due to the increasing requirements in astronautic applications, a fast and accurate tool for reentry prediction and ground risk assessment is needed, which becomes an important and active research area in recent years. There exist several tools for debris reentry analysis and ground risk assessment, including NASA's debris assessment software (DAS) and object reentry survival analysis tool (ORSAT), ESA's spacecraft atmosphere reentry and aerothermal breakup (SCARAB), and the recently developed reentry analysis tool debris reentry and ablation prediction system (DRAPS) by present authors.
Lips, et al. [6] classified the analysis methods into two categories: the object-oriented method and the spacecraft-oriented method. The main idea of the object-oriented method is to simplify the complicated object geometry into simple shapes like sphere, cylinder, box, etc. DAS, ORSAT and DRAPS are tools belonging to this method. The spacecraft-oriented method aims to simulate spacecraft reentry as real as possible. ESA's SCARAB [7] is the only tool of this type the authors ever known. The spacecraft-oriented method should be more accurate than the object-oriented method, but it needs more modeling efforts and computational resources because of much more complex analysis strategy. Lips, et al. [6] compared the prediction results between ORSAT and SCARAB for a hollow sphere reentry, and showed that two tools are in good agreement. Hu. et al. [8] made comparison between DRAPS and ORSAT, confirming reasonable agreement between different tools.
The traditional object-oriented tools (DAS and ORSAT) provide very limited object shapes and aerodynamic models. For example, there are only four object shapes in DAS and ORSAT, i.e. sphere, cylinder, flat plate and box, which could be an issue for modeling debris with much more complex geometry. In the framework of the object-oriented method, one simple way is to extend object shapes and aerodynamic models naturally like what have been done for sphere, cylinder, flat plate and box in DAS and OR-SAT. Based on this approach, up to 15 object shapes and relevant aerodynamic and aerothermal models have been introduced in DRAPS.
Typical debris reentry analysis tools, including DAS, ORSAT and SCARAB, are most deterministic other than probabilistic. But there exist a lot of uncertainty sources which may affect the analytical results significantly, such as initial conditions, atmospheric models, aerodynamic models and so on. In DRAPS, a simple Monte Carlo method has been integrated to account for these uncertainty effects and assess reentry risk in a probabilistic manner.
The paper is arranged as follows. In Section 2, a brief overview of typical debris reentry analysis tools is presented, including DAS, ORSAT and SCARAB. In Section 3, the object-oriented tool DRAPS developed by present authors is described on the subjects of object shapes, aerodynamic models and probabilistic analysis capability. Further discussions on breakup prediction, aerodynamic environment, and size dependence on survivability of debris reentry are given in Section 4, which may shed light on future researches on this topic of debris reentry. Overall conclusions are given in Section 5.
Brief Overview of Reentry Analysis Tools

Object-oriented method
DAS and ORSAT are typical tools belonging to the object-oriented method. In DAS and ORSAT [6] , four types of object shapes can be modeled, i.e. sphere, cylinder, flat plate and box. Only solid objects can be modeled in DAS, while both solid and hollow ones can be analyzed in ORSAT.
Three degrees of freedom (DOF) ballistic model is commonly used for spacecraft and debris trajectory prediction in the object-oriented tools. The attitude dynamic equation of object is not directly solved but predefined as specific motion according to object shapes. For example, in ORSAT the cylinder has four motion types [6] , i.e. broadside and spinning, end on and spinning, end-over-end tumbling and spinning, randomly tumbling and spinning, and the first three are schematically shown in Fig. 2 . In Fig. 2 , V is reentry velocity. The aerodynamic models, aerothermal models and ablation analysis models are constructed with respect to the object shapes and predefined motions. For object with non-tumbling motion, aerodynamic forces and heating are integrated analytically by collisionless molecular kinetic theory in free molecular flow regime, Newtonian or similar engineering methods in continuum flow regime, and bridging method in transitional regime [6, [8] [9] . If the object is tumbling, aerodynamic forces and heating are weighted averages of values predicted by non-tumbling motion models [10] . The ablation analysis model calculates the heating rate and temperature distribution of the object, and judges whether the object is melt. In ORSAT, either zero-dimensional (lumped-mass) or one-dimensional heat conduction approach can be used for ablation analysis [6, 8] . The zero-dimensional heat conduction model does not calculate temperature distribution but average temperature of the object, while the one-dimensional model solves the heat conduction equation in thickness direction. Hence, partially melting process of the object could be simulated in the one-dimensional model. The structural analysis model is always omitted in the object-oriented method, so the breakup event cannot be directly predicted. In DAS and ORSAT, a simple altitude criterion is employed which means a spacecraft will breakup at a given altitude (78 km as default in ORSAT).
ORSAT has been used for many spacecraft reentry applications, e.g. hollow sphere comparing with ESA's SCARAB [6] , barium fuel rod [11] , the SPARTAN spacecraft [12] , the second stages of Delta rocket [13] , the UARS spacecraft [14] , and so on.
Spacecraft-oriented method
In the spacecraft-oriented method, the spacecraft geometry and structure are modeled as real as possible.
In SCARAB, a complex spacecraft is composed of some subsystems, and modeled hierarchically to the final primitives, which are panelized elementary objects like sphere, cylinder, plate and box as the lowest level. Fig. 3 shows the BeppoSAX satellite geometry modeling in SCARAB [15] . There are 859 primitives in SCARAB, and 177 708 surface panels as well as 72 548 volume panels. Although the primitives are also simple shape objects, there exist apparent differences among SCARAB and the object-oriented tools. Firstly, the primitives in SCARAB are panelized surfaces or volumes while the simple shape objects in DAS and ORSAT are regarded as a whole. Secondly, in SCARAB the primitives are "installed" at the right locations with respect to other components in the way similar to reality, but in OR-SAT only the logical parent/children relationship are considered and relative position relations among different components are not modeled.
The modeling of spacecraft in SCARAB can achieve very accurate level in geometry, total mass, center of gravity location and moments of inertia. For structural analysis, some "cuts" should be defined in the geometrical modeling step, at which the stress will be analyzed to judge whether breakup happens.
6 DOF model is used in spacecraft-oriented tools to obtain the position and attitude of reentry object at each instant. Aerodynamic forces and torques are integrated over all surface panels in the aerodynamic module. Local pressure and heating at each surface panel are calculated using similar methods with that in the object-oriented tools, which only need to know the freestream condition and the relative inclination between freestream and normal direction of the surface panel.
In SCARAB, two-dimensional heat conduction model is used for ablation analysis [16] . If the absorbed heat of a volume panel exceeds its maximum capacity, this panel will be melt and new fragments will generate. The stress level at the predefined cut is monitored. When exceeding maximum stress level, then the parts connected to this cut will be broken. Tewari [9] proposed a new thermomechanical breakup model to account for aerodynamic heating and centrifugal stress induced breakup.
SCARAB has been used in many astronautic applications, as automated transfer vehicle (ATV), German X-ray satellite ROSAT, the Ariane 5, the Italian satellite BeppoSAX [15] , the MIR space station [17] [18] (see Fig. 4 ), etc. 
Hazard and risk assessment
In order to evaluate the hazard and ground risk due to a single surviving debris, the NASA safety standard NSS 1740.14 [19] introduces an equivalent casualty area A ci of a single debris, which is composed of the cross-section area A i of the debris and a projected human risk cross-section area of
The total casualty area A c of a reentry event is the summation over all surviving fragments,
which should be less than 8 m 2 according to NASA safety standard [19] . The total casualty probability E is a statistical measure of people may be struck by reentry debris, 
where ρ i is the population density at ground location of the ith debris, A ci is the casualty area of the ith debris defined by Eq. (1), and σ i is the probability of the ith debris impacting a specific unit area, which is given by [5, 20] 
where δ is the latitude of impact location, φ the reentry inclination angle, R e the Earth's spherical radius. A threshold of total casualty probability E of 1∶10 000 per reentry event is proposed by NASA [19] , below which the reentry hazard could be accepted.
Debris Reentry and Ablation Prediction System
DRAPS developed by present authors falls within the category of the object-oriented method.
DRAPS adopts 3 DOF ballistic model for trajectory prediction and zero-dimensional or one-dimensional heat conduction approach for ablation analysis, which is the same as ORSAT.
Compared with ORSAT, significant improved features of DRAPS lie in new object shapes and relevant aerodynamic and aerothermal models, more reasonable breakup criteria and Monte Carlo simulation capability for uncertainty analysis of debris reentry.
Object shapes and aerodynamic models
The object shapes are extended to 15 types in DRAPS as well as 51 predefined motions [8] , including half sphere, half cylinder, cylinder with one sphere end, cylinder with two sphere ends, flat cone, sphere cone, parabolic cone, cylinder assembly, box-cylinder assembly, etc., as shown in Fig. 5 . The aerodynamic and aerothermal models for each object shape and predefined motion are developed in the way similar to that for 4 basic object shapes in ORSAT. More detailed descriptions of these models could be found in Hu, et al. [8] .
The model predicted drag coefficients in DRAPS to Knudsen number are plotted in Fig. 6 for cylinder, sphere cone and cylinder assembly 2. The aerodynamic properties are similar for different object shapes, i.e. the drag coefficient in continuum flow is smaller than in free molecular flow regime, and between two regimes the drag coefficient is connected smoothly by bridging method in transitional regime. 
Validation of aerodynamic models
The aerodynamic and aerothermal models should be carefully validated in order to investigate their accuracy and fidelity in reentry analysis.
In the present study, flow past a cylinder with diameter of 1 m and length of 4 m is simulated using computational fluid dynamics (CFD) and direct simulation Monte Carlo (DSMC) methods. The CFD simulation is carried out at hypersonic continuum flow condition of H=30 km, Kn=1.1×10 −6 , Ma=10, where H is altitude, Kn=λ/L is the Knudsen number (λ is mean free path of gas molecule, L is reference length of the object), Ma is the Mach number. DSMC simulations are performed at free molecular flow condition of H=150 km, Kn=16.5, Ma=14, and transitional flow condition of H=110 km, Kn=0.4, Ma=25. Fig. 7 shows the pressure and temperature contours of flow past cylinder at three flight conditions. DSMC method has been validated in many studies [21] [22] and used for laser propulsion flow field simulation [23] . The validation of the CFD method is presented in the Appendix A. Table 1 shows the relative deviation between aerodynamic/aerothermal models in DRAPS and CFD/ DSMC simulations of drag coefficient and average heating for reentry cylinder. The differences for drag coefficient are less than 5% in all three flow regions, while the differences for average heat flux are higher, close to 10% in free molecular and continuum flow regions, and nearly 20% in transitional flow regime. The results are basically the same for other shape objects through our simulations. Overall accuracy of aerodynamic and aerothermal models in DRAPS is acceptable for engineering applications. 
Breakup prediction model
Besides the altitude criterion in ORSAT, a temperature criterion for breakup altitude prediction is used in DRAPS [8] .
The temperature criterion was proposed by Baker, et al. [24] , assuming that the spacecraft should break up when surface temperature reaches a given value (e.g. melting temperature). Breakup altitude prediction of the SPARTAN spacecraft reentry using temperature criterion yields good agreement with observation data [8] .
Monte Carlo simulation capability
Most of the existing analysis tools for spacecraft and debris reentry analysis belong to deterministic approach which does not concern uncertainty effects.
In fact, the reentry problem is very complex and there are a lot of uncertainty sources which may affect the prediction results, such as initial conditions, atmospheric models, aerodynamic models, etc. Frank, et al. [25] ascribed the underlying uncertainty sources to the material physical properties, breakup and demise, and the prediction models. A probabilistic tool is more appropriate than deterministic one for this problem.
In DRAPS, a simple Monte Carlo module is established to account for uncertainties from initial conditions for single reentry object. Fig. 8 shows the possible landing area for a single reentry hollow sphere from Monte Carlo simulation. 
Further Discussion
In spite of significant improvements in debris reentry analysis method and tools development, there are some issues which are still not well understood and resolved. Breakup prediction is the most important one.
Moreover, some preliminary studies, such as aerodynamic environment for reentry debris and size dependence on debris survivability, could be helpful and useful to construct more reasonable prediction models or reduce computation efforts.
Breakup prediction method
Unlike the controlled and manned vehicles like space shuttle and reentry capsule, the unmanned and uncontrolled reentry spacecraft like satellite usually encounters a breakup event commonly at an altitude in the range between 75 km and 85 km [5] . Typical trajectories of reentry spacecraft with breakup and generated debris are illustrated in Fig. 9 . The spacecraft begins reentry due to the atmospheric drag after long-term in-orbit flight. High reentry velocity as well as increasing atmospheric density would impose severe aerodynamic and aerothermal loads on the spacecraft. Breakup event happens when the loads exceed the limits of the structure. Then the spacecraft breaks into many pieces of debris including exposed inner components.
Traditional altitude criterion based on long-term observation and statistics for breakup prediction in object-oriented tools is empirical. The temperature criterion is more reasonable due to the consideration of some physical factors, but is still empirical and inaccurate.
In the spacecraft-oriented method, the stress and heating at predefined "cuts" are monitored to judge whether breakup happens. This method is much more accurate than the breakup criteria in the object-oriented tools, but at some particular circumstances it also cannot simulate the real situation because of inappropriate aerodynamic and aerothermal models.
Current aerodynamic and aerothermal models in continuum flow regime are suitable for hypersonic flow past clean blunt object, where only a detached No.4
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· 393 · shock wave exists away from the object. However, for complex spacecraft or multi-object systems, the shock wave interaction phenomenon may appear [26] , which could induce high pressure and heating regions and the ablation and breakup process may be significantly altered. It might be difficult to consider these effects in current fast analysis tools and further studies are needed.
Aerodynamic environment for debris reentry
The aerodynamic environment, which includes key aerodynamic parameters and flow properties at reentry condition, is helpful for preliminary consideration of the aerodynamic and aerothermal models. Hu, et al. [27] constructed a velocity-altitude map (V-A map for short) for analyzing the aerodynamic environment of hypersonic vehicles. In the V-A map, various aerodynamic parameters as Reynolds number, Mach number, Knudsen number are displayed quantitatively, and different flow regions as laminar/unstable/turbulent flow regimes, rarefaction/continuum flow regions could be identified intuitively.
In , and Mach number decreases from more than 15 to near 0, which entirely covers the hypersonic, supersonic and subsonic flow regimes. For rarefaction effect, the flow field can be roughly classified into continuum flow (Kn<0.001), transitional flow (0.1<Kn<10) and free molecular flow (Kn> 10) [28] . For stability and transition, the flow field can be laminar flow, unstable flow or turbulent flow. In Fig. 11 , the trajectory of the reentry sphere is superimposed on the edges of different flow regimes. The critical lines in Fig. 11 which distinguishes laminar/unstable/turbulent flow regions, are based on linear stability computations for a flat plate with unit length [29] [30] . In the preliminary analysis, we could qualitatively know that the flow field around the reentry sphere is continuum and laminar, and the stagnation heat flux is at an order of 100 kW/m 2 above 50 km. 
Size dependence on debris survivability
Koppenwaller, et al. [31] analyzed the survivability of simple shape solids as function of their sizes.
In Fig. 12 , the demise altitudes of reentry solid spheres with different materials and diameters are presented. For a given material, there exists a minimum and maximum diameter between which the sphere cannot survive to ground. Below the minimum diameter, the reentry velocity of the object decreases quickly at high altitude due to large area-to-mass ratio, so that it could survive because of the low aerodynamic heating level (proportional to cubic of the reentry velocity). Above the maximum diameter, the heat storage capacity of the reentry object is large enough to allow the survival. Fig. 12 Demise altitude of reentry solid spheres with different materials and diameters (courtesy of Koppenwaller, et al. [31] ).
Fritsche, et al. [32] analyzed the demise limits of hollow reentry objects (sphere, box and cylinder) using analysis method, and obtained the demise regions with respect to object size and wall thickness. The size dependence of hollow objects is similar to solid ones.
The hazard of surviving reentry objects with small size could be omitted, while large size ones should be analyzed carefully. Therefore, it is useful to establish a database including critical sizes for surviving debris with various shapes and materials. In astronautic applications, only large objects are analyzed which could significantly reduce the modeling work in preliminary analysis.
Conclusions
(1) The debris reentry analysis methods can be categorized into object-oriented and spacecraft-oriented methods. The spacecraft-oriented method is more accurate than the object-oriented approach but the computational costs are more expensive.
(2) The debris reentry analysis tool DRAPS developed by present authors introduces new object shapes to 15 types, as well as 51 predefined motions and relevant aerodynamic and aerothermal models. The aerodynamic and aerothermal models in DRPAS are validated carefully, which are at an order of 10% away from accurate numerical simulation results. A simple Monte Carlo method is adopted for single object reentry uncertainty analysis in DRAPS. In the future, more rigorous probabilistic analysis method for an entire reentry spacecraft should be developed.
(3) Current breakup prediction models need further improvements. Complex flow phenomenon like shock wave interaction may exist but not modeled in existing analysis tools, which may greatly influence the breakup event.
(4) The aerodynamic environment of debris reentry is near continuum and laminar flow at common conditions. The survivability of debris with particular shape and material is largely dependent on its size. For debris of size below a critical value, the reentry analysis work can be reduced because the object would be burned out during its reentry.
